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The air-side performance of parallel flow parallel fin (PF2) heat exchanger, a new style of heat exchanger using 
louvered fins on flat tubes, is experimentally studied in periodic frosting. The air-side pressure drop, amount of frost 
accumulation and water retention and capacity for conditions of an initial frost growth on the air-side surface and 
subsequent refrosting after a defrost period are presented in this paper. Typically, it takes few cycles of periodic 
frosting to come to repeatable conditions. The effects of fan (operating or stopping) in defrost, three orientations of 
PF2 heat exchanger and two different air inlet relative humidities, 70% and 80%, on air-side heat transfer and 
pressure drop characteristics for the PF2 heat exchanger has been compared. Optimal defrost time needed for this 
heat exchanger in the condition explored has been determined experimentally. The primary goal of this project is to 




Frost growth on heat exchanger surfaces in refrigeration and heat pump system has posed a challenge to heat 
transfer engineers for decades. It causes the performance of heat exchanger to decline. Eventually, defrost cycle is 
required to melt the accumulate frost and to mitigate the performance degradation due to the frost in refrigeration 
and heat pump applications. Therefore, the effect of the frost on the heat exchanger and system performance should 
be known for intelligent design and operation of the system. 
 
There are many studies on the effects of frost properties and frost growth mechanism in simple geometries and on 
the effects of frost on finned tube heat exchanger performance. Rite and Crawford (1990) studied the effects of frost 
on the UA value and air side pressure drop on a domestic refrigerator evaporator coil. Kondepudi and O’Neal (1991) 
studied frosting on a single row heat exchanger. They showed that frost accumulation increases with RH and fin 
density. Pressure drop across the heat exchanger also increases with time. Ameen (1993) developed a set of 
equations to describe an evaporator in heat pump application under frosting conditions. Carlson et al. (2001) focused 
on understanding how environmental conditions: air temperature and relative humidity; refrigerant temperature; and 
air and refrigerant temperature glide affect the deposition and distribution of frost on heat exchangers, typically of 
those found in refrigerated display cases. Kim and Groll (2002) studied the performance of flat-tube heat exchangers 
as an outdoor coil during frosting and defrosting conditions. Xia Y and Jacobi A.M. (2004) developed an exact 
solution to steady heat conduction in a two-dimensional slab on a one-dimensional fin for frosted heat exchanger. 
However, very few reports are available for the more complex geometries of finned tube heat exchangers, especially 
for PF2 heat exchanger. 
 
Advantage of PF2 heat exchanger in residential heat pump systems is that defrost is same regardless of orientations 
(horizontal or vertical). This project focuses on evaluating the air-side performance characteristics of PF2 heat 
exchanger under frosting conditions, with attention to defrost and refrost effects.  
 
2. EXPERIMENTAL FACILITIES AND OPERATING CONDITIONS 
 
A specially designed and constructed wind tunnel, Figure 1, was place inside an environmental chamber. The test 
heat exchanger was positioned at the wind tunnel inlet. It is hung on a load cell to measure the accumulated frost. 
Flexible plastic film is used to connect the heat exchanger and the tunnel, allowing the heat exchanger to move 
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freely in the vertical direction for proper frost mass measurement. The transparent wind tunnel in environmental 
chamber allows visualization. Prior to the initiation of an experiment, the chamber was pulled down to the test 
condition using a pre-cooler inside the environmental chamber. The chiller and the pump supply cold ethyl alcohol 
as the secondary refrigerant to the test heat exchanger. A variable-speed blower was used to provide the air flow, and 
the flow rate was measured using the pressure drop across standard nozzles. The air inlet temperature was controlled 
by regulating the power supplied to the heater located in the chamber. The air inlet dew point is controlled using 
regulating a solenoid valve in the steam line. The ethyl alcohol flow rate is controlled by using a variable frequency 
drive for the pump motor and was measured by mass flow meter. The secondary refrigerant inlet temperature was 
controlled by regulating power supplied to the heater located in the secondary refrigerant system. 
 
At the initiation of an experiment, the secondary refrigerant was sent to the pre-cooler only until the chamber was 
cooled to the desired air condition. After achieving the desired chamber temperature and relative humidity, the 
secondary refrigerant was diverted to the test heat exchanger, and performance data were collected. A Campbell 
Scientific data logger (CR23X) connected to a multiplexer (AM416) was used in the experiments. The data 
acquisition system takes measurements throughout the tests and log data to a text file for subsequent analysis. 













Figure 1: The open wind tunnel that are placed in the environmental chamber 
 
Experiments are conducted in the frosting condition at constant air-inlet temperature, refrigerant inlet temperature, 
air inlet humidity, refrigerant mass flow rate, and blower frequency. The test conditions in frosting are given in Table 
1. When the air-side pressure drop increase to five times its initial value, defrost is initiated. A warm liquid 
refrigerant at room temperature 20  is used to melt the frost. The length of the defrost cycle was varied to come to 
period sufficient for water after defrost to be removed. The criterion was that air-side pressure drop at the beginning 
of the cycle was repeatable. Values are switched and the refrigeration cycle begins. The system goes through a few 
cycles of defrost and refrost. 
 













0  -14.5 70; 80 0.9 2, 3, 4, 5 20 
 
3. DATA REDUCTION METHOD 
 
Heat transfer rate required for the calculation of air-side heat transfer coefficient can be expressed as 
 2/)( airref QQQ +=  (1) 
 
Where Qref and Qair are heat transfer rates of air and water sides, respectively. 
 )(
,,, inrefoutrefrefprefref TTCmQ −=  (2) 
 )(
,, outairinairairair hhmQ −=  (3) 
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ε  (4) 
Where 











C =  (6) 
 
)(
,,minmax inrefinair TTCQ −×=
 (7) 
 
We can obtain overall heat transfer coefficient (UA) for the heat exchanger as: 
 
 NTUmCUA p min)(=  (8) 
 
4. HEAT EXCHANGER GEOMETRY 
 
A photograph of the test heat exchanger with fin pitch 16 fpi and louver pitch 1.4 mm used in this study is shown in 
Figure 2. The fin type tested is parallel-louvered-fin with a specific plat-fin in the back that allows water to fall 
down at the back side of trailing edge. The structure in the air-side is given in Figure 3. It is a single-row heat 
exchanger with a manifold/header to allow for uniform refrigerant flow distribution. The airflow and the tube both 

















Figure 2: Photograph of the PF2 heat exchanger       Figure 3: Schematic of PF2 heat exchanger in air side 
?
5. RESULTS AND DISCUSSION 
 
5.1 Pressure drop during frosting cycles 
The experiment with 15 defrosting cycles is shown in Figure 4. Defrosting was initialed when the air pressure drop 
was 5 times its initial value. As expected, the pressure drop increases in time for each cycle due to the continuous 
building of frost. The pressure drop after defrost, at the beginning of each cycle, in first few cycles appears to 
increase, and in each new cycle it is higher than in the previous cycle until in the eighth cycle. That is because the 
quantity of water after defrost is small and it is completely retained on the surface. After this, with the water removal 
from the heat exchanger, the pressure drop across the heat exchanger has reached a near steady boundary.  It is 
observed that it takes about eight cycles to come to steady conditions. 
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Figure 5 shows details of the process in Figure 4. The pressure drop increase rate in each new cycle is higher than in 
the previous cycle until in the eighth cycle. (see Figure 5(a)). That is due to accumulated frost on the surface, 
composed of the newly deposited frost and the frozen water remaining on the surface from the previous defrosting 
cycle. After the eighth cycles, each cycle approaches an asymptote and the data of each cycle are highly periodic 




























Figure 5: Pressure drop data for each frosting cycle 
?
5.2 Effect of fan operation in defrost 
5.2.1 Comparison of air-side pressure drop data: The effect of fan operation in defrosting period on the pressure drop 
at the beginning of each cycle is shown in Figure 6. Both runs have 15 defrost cycles. Similar trends were observed 
for the fan stopping case and fun running case in defrosting period. For the fan stopping case, the pressure drop after 
defrost in first seven cycles increases. After this the pressure drop goes down slightly and stays approximately at the 
same value. For the running case the pressure drop at the beginning of a cycle is consistently lower than that for fan 
stopping case after the first cycle and allows for about 10% longer frosting period. That is due to the difference in 
water retention between the fan running and sopping cases in defrosting period. 
 
5.2.2 Comparison of the total frost mass and water retained on the heat exchanger after defrost: The total frost mass 
and water retained on the heat exchanger during the experiment for each cycle were measured continuously, shown 
in Figure 7. It shows the amount of water retained on the surface at the end of each defrosting cycle for fan stopping 
case is consistently higher than for fan running case. In the first few cycles, when fan running in each defrosting 
cycle, the condensate mass on the surface dropped down sharply but when fan stopping in each defrosting cycle, the 
condensate mass on the surface stay approximately the same. After the eighth defrost cycle for fan running case or 
the seventh cycle for fan stopping cycle the data reached an asymptotic value and the data for fan stopping case is 
about 26% higher than for fan running case. It clearly identify that the drainage for the fan running in defrost period 
is better than in the fan stopping. That is because the airflow forces improve condensate drainage during the 
defrosting period. When the fan runs, the air shear force and pressure can cause condensate to flow to the exit face 
















The first cycle The second cycle 
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5.2.3 Comparison of the heat transfer: Figure 8 shows the effect of the fan operation in defrosts on the heat transfer 
of each frosting cycles. As expected, the heat transfer decreases in time for each cycle for both cases due to the 
continuous building of frost. When the defrosting cycle is initiated, the heat transfer increases to a point, which is 
slight lower than that in the initial, dry coil value. This is due to the melting of the frost layer. The water that remains 
on the coil affects the heat transfer by decreasing it slightly from the dry coil value. Also, prior to defrosting is lower 
for each subsequent cycle. By comparing this plot, it is clearly identify the heat transfer for fan running case in 
defrosting cycle is slightly higher than for fan stopping case in defrosting cycle. This is due to the differences in 


















5.3 Search for optimal defrost time 
Defrost cycle is required to melt the accumulated frost and to mitigate the performance degradation due to the frost 
in refrigeration and heat pump applications. However, defrosting process itself causes an additional penalty of 
energy consumption and system performance are also impaired during defrost cycle, so it is important to determine 
optimal defrost time. 2, 3, 4 and 5 minutes for defrost are explored. Figure 9 shows the change in air-side pressure 
drop over PF2 heat exchanger in the successive frosting cycles with 2, 3, 4 and 5 minutes for defrosting. For the 
cycle with 2 minutes defrost, the increase in air-side pressure drop is much quicker than the other cycles. It is mainly 
because the defrosting time is not sufficient so that retained water and slush still remain on the surface, and then 
quickly refreezes as ice on the heat exchanger surface in the subsequent frosting process. 
 
The air-side pressure drop under frosting with defrost time of 5 minutes was measured. Figure 10 shows enlarged 
the third and forth defrost cycle. The data indicate that the decrease in air-side pressure drop is significant in the first 
Figure 8: Hear transfer for fifteen 
successive frosting cycles 
Figure 9: Insufficient defrost time (2 minutes) results 
in quicker pressure drop increase in refrost 
Figure 6: Pressure drop data at the beginning 
of each cycle as a function of fan operation in defrost 
Figure 7: Amount of frost accumulation and water 
retention on the heat exchanger surface as a 
function of fan operation in defrost 
2275, Page 6 














































































































3 minutes in defrost, and then the pressure drop almost keep a minimum value after the last 2 minutes of defrosting, 














Figure 10: Pressure drop for the third and the fourth defrost shows that defrost is completed in 3 minutes because air 
side pressure drop is constant afterwards 
?
5.4 Effect of relative humidity 
Relative humidities of 80% and 70% were studied at an air inlet temperature of 0  and face velocity of 0.9 m/s. 
Figure 11 shows frost accumulation for the first frosting cycle under both the air relative humidity 70% and 80%. It 
clearly identifies higher humidity lead to higher amounts of frost growth. In the 70% RH case, only a small amount 
















Figure 13 shows the effect of relative humidities of the air flow across the coil on capacity (UA). Higher humidities 
have been shown to result in larger frost accumulation. This results in blockage of the free flow area, leading to 













Figure 13: Effect of air humidity on UA 
Figure 11 Effect of air humidity on frost 
accumulation in first cycle 
Figure 12: Effect of air humidity on dpair  
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5.5 Effect of the tube orientations in heat exchanger PF2 on performance 
Three orientations of PF2 heat exchanger were explored: horizontal tubes, vertical tubes – smile, vertical tubes   
frown as presented in Figure 14. The effect of three orientations of PF2 on dpair and UA in frosting operation is 












(a) Horizontal       (a) Vertical smile    (a) Vertical frown 















Figure: 15 Air-side pressure drop                    Figure 16: Heat transfer (UA)   




1. The thermal-hydraulic behavior of PF2 heat exchanger with 16 fpi and a louver pitch of 1.4 mm were explored 
under conditions with air-side frosting, defrosting, and refrosting. The refrosting behavior became periodic after the 
eighth cycle for the conditions tested. 
2. Cases when the blower in defrost operates or not were examined using the PF2 heat exchanger. Both runs have 15 
defrost cycles. In the blower running case, about 10% longer frosting periods were achieved and the heat transfer is 
higher.  
3. Optimal defrost time for the tested heat exchanger was explored experimentally. It appears that the 3 minutes for 
defrost is sufficient in the situation explored.  
4. Higher humidities have been shown to result in larger frost accumulation and higher heat transfer. 




dp  pressure drop (kPa) RH         relative humidity        (%) 
T  temperature (°C or K) t         time                 (min) 
Q  heat transfer rate (W) pF         fin pitch             (fpi) 
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PC  specific heat (J kg–1 K–1)  Subscripts 
h  enthalpy (J kg–1) ref       refrigerant 
m  mass flow rate (kg s–1) air       moist air 
UA  heat transfer (W K −1) in       inlet 
U  overall heat transfer coefficient (W K–1 m–2) out       outlet 
A  air side heat exchanger surface area (m2) d       defrost 
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